Response of the fetal lamb to metabolic acidosis in the absence of hypoxia or maternal acidosis was studied and compared with that of the newborn Iamb. Experiments were conducted on nonanesthetized fetuses intact in utero, catheters having been implanted previously at hysterotomy. Metabolic acidosis was produced by infusion of 28 mmoles of lactic or hydrochloric acid (0.25 M) into the femoral vein of fetus or newborn.
Introduction
During labor and delivery, metabolic acidosis develops in the fetus. It seems to be due primarily to episodes of hypoxia suffered by the fetus during uterine contractions [24, 30] . If the mother also becomes acidotic as a result of dehydration and excessive muscular activity, this will aggravate the fetal acidosis [3, 7] .
From comparative studies of maternal and fetal blood during normal labor or at delivery, it has been inferred that fixed acids are transferred across the placenta in both directions [3, 11, 14, 18, 26, 31, 36] . Some investigators have concluded that movement of specific anions, such as bicarbonate and lactate, across the placenta is passive [16] , whereas others believe that the placenta is impermeable to them [5, 6, 9, 21, 22] . Most of these data were obtained during labor, delivery, or surgical procedures; under such conditions there is likely to be variable interference with uterine and placental circulations and hence with maternal-fetal exchange.
The present experiments were undertaken in fetal lambs to determine the rate of clearance of an acid load by the feto-placental unit. Hydrochloric or lactic acid was infused into the unanesthetized fetus, in which catheters had been previously implanted, and under conditions in which there was neither fetal hypoxia nor maternal acidosis and in which the maternofetal relation had stabilized. Responses of the fetoplacental unit and of the newborn lamb to a similar acid load were compared [12] . Both hydrochloric and lactic acids were studied in order to determine whether metabolism of lactate by the fetus or feto-placental unit made a significant contribution to the rate at which the fetus recovered from severe metabolic acidosis.
Materials and Methods

Fetal Experiments
Nine pregnant Dorset sheep of known gestational age ranging from 103 to 132 days were used (term is 147-150 days). Experiments were carried out after a 24-hr period of starvation. Anesthesia was induced with sodium thiopental, 5-7 mg/kg, administered intravenously. This was followed by succinylcholine hydrochloride, 2 mg/kg, and endotracheal intubation. Anesthesia was maintained with a mixture of 1% halothane, oxygen, and nitrous oxide. Respiration was controlled, with rate and volume adjusted to maintain a normal maternal arterial pH and P C02 [25] .
The abdomen was opened with a paramedian incision, the uterus was incised and a fetal hind limb was delivered, while excessive loss of amniotic fluid was avoided. The femoral artery and vein were cannulated with polyvinyl catheters, the tips of which were advanced to the abdominal aorta and inferior vena cava, respectively. After the femoral incision was closed, the fetal leg was replaced and the uterus was closed. In some instances another soft plastic catheter was inserted into one of the cotyledonary veins and advanced toward the fetus so that the tip was in a major umbilical vein. A catheter was also placed in the maternal abdominal aorta through a superficial branch of the femoral artery. All catheters were tunneled subcutaneously to the back of the ewe and were secured in a plastic cup sutured over the cutaneous stoma. The intravascular catheters were filled with aqueous heparin (1000 U/ml) and refilled as long as the preparation was in use.
After the operation, the animal was allowed to recover for 4-24 hr. Blood gases and pH of both fetus and mother were in the normal range before acid was infused into the fetus. One fetus was studied twice on consecutive days after it was ascertained by the acidbase status that both mother and fetus had recovered from the previous study.
Neivborn Experiments
Eight spontaneously delivered newborn lambs less than a week old (1-5 days) were sedated with sodium secobarbital (15 mg/kg) administered intramuscularly. Polyvinyl catheters were placed in the femoral artery and vein. Animals breathed spontaneously throughout the experiments. Rectal temperature was maintained between 38-39° by means of a heating lamp.
Infusion of Acid
Twenty-eight millimoles of either hydrochloric or lactic acid (112 ml of 0.25 M solutions) was infused at a constant rate by means of a pump [38] 1 hr through the femoral vein catheter into the fetal or newborn lamb. Each acid was infused into 5 fetal and 4 newborn lambs. It was not possible to give an exactly similar acid load to fetus and newborn on a per kilogram basis for two reasons. Weight of the fetus was not known and the infusion solution was distributed throughout both fetus and placenta. After some preliminary experiments, it was found that 28 mmoles of 2 This figure includes the total weight of the fetus and placenta. 0.25 M acid solutions gave a suitable change in pH in both the smaller fetus and the mature newborn lamb (Table I) . Maternal, fetal, and newborn arterial blood pressures and heart rates were monitored with gauge transducers [39] on a multichannel polygraph. Blood was sampled intermittently from the umbilical vein and from fetal, maternal, and newborn arteries before, during, and after acid infusion.
In 5 experiments, fetal arterial blood was obtained 12-24 hr postinfusion. Samples were not obtained from the 4 other animals because of mechanical obstruction in the catheter (2), premature stillbirth (1), and fetal death from hemorrhage (1) .
Blood pH, Pco 2 > an( i P02 were determined with a pH meter [40] and gas monitor, with micro glass electrode, Severinghaus type Pco2 electrode, and Clark type P 02 electrode, respectively; base deficit was calculated with the Siggaard-Andersen nomogram [33] . In studies with HCl, serum chloride was determined with a chloridometer [41] . In lactic acid infusion experiments, lactate and pyruvate levels were determined by a micromodification of the methods of Barker and Summerson [2] and Friedemann and Haugen [15] , respectively.
Results
Mean blood gas and acid-base data for fetal and newborn arterial blood before the infusion, at its completion, and 1 hr later are presented in Table II . Serial changes during and following acid infusion are depicted in Figures 1 and 2 .
Changes in Acid-Base
The fall in pH during infusion of both acids was greater in fetus than in newborn (P < 0.01) (Table II) . However, after completion of the infusions, pH rose at almost the same rate in both fetus and newborn.
Changes in pH were similar after hydrochloric acid and lactic acid infusion (Figs. 1 and 2, Table II ). Results were identical whether the means were computed from individual pH values or were first converted into hydrogen ion concentrations. P 002 of fetal arterial blood rose by a mean of 3.4 mm Hg in the HCl group and by 8.7 mm Hg in the lactic group at the end of acid infusion. One hour after completion of infusion, P C02 had returned to control levels. By comparison, P COQ in newborns fell during and following infusion, by 11 mm Hg with HCl, and by 7.5 mm Hg with lactic acid. Except for the rise in fetal arterial Pco2 with HCl infusion, all these changes were significant at the 95% confidence limit.
Changes in base deficit in arterial blood were similar in fetuses and newborn lambs which received HCl (groups I and II), and in fetuses which received lactic acid (group III) ( Table I) . In group IV, newborn lambs which received lactic acid, the rise in base deficit was smaller, 11.2 mEq/liter at the end of infusion, compared with values of 15.7, 16.0, and 17.7 mEq/liter for groups I, II, and ///, respectively. One hour after the completion of acid infusion, mean base deficit was still 6-12 mEq/liter; these levels were significantly higher than control values in all groups (P < 0.01).
In the five animals in which a fetal arterial blood sample was obtainable 12-24 hr postinfusion, mean pH was 7.35 (range, 7.31-7.42); P 002 , 47.8 mm Hg; base deficit, 1.5 mEq/liter; and P 02 , 19 mm Hg. These values are not significantly different from those of controls.
Changes in Anion
Lactic acid infusion caused a rise in blood lactate concentrations in both fetus and newborn, the rise being somewhat smaller in the latter (Fig. 1, Table II) . The values fell over the next hour but were still signif- icantly higher (P < 0.01) than control levels at the end of this period. Similarly, infusion of HC1 caused a rise in plasma chloride. The increase in plasma chloride was less in fetus than in newborn, and the level continued to rise in the hour following infusion (Fig. 2 , Table II ).
Changes in P 0o
Acid infusion caused a rise in arterial blood P 02 both in fetus and newborn. Changes were greater in those which received HC1, and greater in newborn than in fetus (Table II) . P 02 remained elevated 1 hr after completion of infusion. In fetuses which received lactic acid, the rise in P o , was not significant (P < 0.05).
Fetal A-V Difference across the Placenta
Fetal A-V gradient across the placenta between umbilical artery and vein was similar with either acid. The pH difference increased slightly from 0.02 to 0.05 after acid infusion and remained constant throughout the infusion; it returned toward control values 1 hr after completion of infusion. The difference for P C02 increased during infusion from 7 mm Hg and it reached a maximum of 17 mm Hg at the end of infusion; 1 hr later the difference was 3 mm Hg, which was not significantly different from control values. The difference for base deficit was 0.5 mEq/liter prior to infusion and 0.8 mEq/liter at the completion of and 1 hr after infusion. There was no measurable difference in lactate concentration in umbilical vein and fetal femoral artery blood throughout the experiment (Fig. 3) .
The difference in P 02 between umbilical vein and fetal artery blood fell from 16 to 10 mm Hg following acid infusion; it returned to pre-infusion level 1 hr later.
Acid-base values in the arterial blood of the unanesthetized mother before, during, and after acid infusion to the fetus were not significantly changed (Table  III) . Mean maternal arterial pressure prior to acid infusion was 75 ± 4.2 mm Hg; it remained stable throughout the experiment. Although there was a tendency for the fetal heart rate to rise at the completion of infusion, from a mean of 194 ± 14 (SE) beats/ min to 208 ± 16, the increase was not significant. Mean blood pressure in the fetuses prior to infusion was 46 ± 4.0 mm Hg and it did not change significantly. In the newborn lamb, mean blood pressure rose from 95 ± 8.2 mm Hg to 103 ± 13.1 and heart rate fell from 225 ± 20 beats/min to 207 ± 35 during infusion, but these changes also were not significant. In newborn lambs, respiratory rate increased significantly during acid infusion. Change was apparent within 5 min and, by the end of infusion, it had increased from a mean of 79/min to 116/min. Tachypnea persisted for at least 45 min after completion of infusion.
Discussion
These experiments indicate that fetal recovery from metabolic acidosis produced by infusion of hydrochloric or lactic acid is slow. The ability of the fetus to handle an acid load is not superior to that of the newborn lamb.
The initial fall in anion concentration in both fetus and newborn following completion of infusion is probably due to distribution. This has been inferred since the initial fall in plasma chloride after infusion of NaCl into children and experimental animals has been shown to be due to its distribution in the chloride space [8, 17] . In these experiments, the newborn lamb excreted only a minute portion of the acid load during and for the 1st hr following infusion [10] . The initial fall in anion concentration in the fetus was comparable to that observed in the newborn. The continued increase in plasma chloride in the fetus after completion of infusion cannot readily be explained; the rise during infusion was less than that observed in the lactic acid experiments or in the newborn lambs. It is possible, inasmuch as chloride ion is confined to extracellular space, that water initially enters fetal extracellular fluid from intracellular fluid and placenta as a result of the hyperosmolar infusion. There could have also been an initial uneven distribution and delay in reaching equilibrium. After the initial decrease in anion concentration, levels of chloride and lactate continued to decline more gradually, probably reflecting slow placental clearance. This slow clearance was anticipated in the case of chloride since Meschia and co-workers have shown that placental clearance of this anion is extremely low [28] . These experiments indicate that this is also true for lactate; the absence of a gradient for lactate in blood from the fetal femoral artery and umbilical vein supports this conclusion.
Recovery from lactic acidosis was somewhat faster than that from chloride acidosis, in both fetal and newborn lambs. Although part of the lactate must have been metabolized, judged by the rise in pyruvate levels (Table II) , the absence of significant gradients of lactate and pyruvate between fetal arterial and umbilical vein blood indicates that the placenta is unlikely to be the primary site of lactate metabolism in the well oxygenated fetus. Although the placenta is capable of metabolizing both these substrates in vitro [32, 37] , such metabolism by the placenta might occur only during some types of fetal hypoxia in which the placenta remains well oxygenated [21, 22] . The comparable rates of recovery from HC1 and lactic acidosis in both fetus and newborn suggest that metabolism of lactate during the 1st hr of acidosis proceeds so slowly that it is cleared only slightly more rapidly than is chloride.
These experiments show that more than 1 hr is re- quired for blood lactate levels in the fetal lamb to be reduced by half. The corresponding time for base deficit is slightly less than 1 hr. With a single injection, Friedman et al. [16] determined that the half-life of 14 C-lactate in blood of the fetal rhesus monkey was at least 15 min. These investigators recognized that the actual biologic half-life, after distribution throughout the body compartments is complete, is probably much longer. It should be pointed out that the results from the present experiments with DL-lactic acid tend to indicate a slower rate, inasmuch as the D form can be utilized only after it has been converted to the endogenously produced L-lactic acid form [27, 29] .
The newborn lamb hyperventilated markedly during and after the acid infusion and, as a consequence, was able to maintain a higher pH than the fetus for the same change in base deficit. In the fetus, the induced acidosis increased the arterial Pco2 probably as a result of production of nonmetabolic carbon dioxide from bicarbonate buffer. The increased difference in P c02 between umbilical arterial and venous blood and between umbilical and maternal arterial blood most likely reflects an increased placental transfer since neither umbilical nor uterine blood flow is altered by an acid infusion [20] . The ability of the fetus to compensate for metabolic acidosis would therefore seem to be limited by the level of maternal P C02 -Several other investigators have studied the response of the exteriorized fetal lamb to an acid load. Vaughn and co-workers [35] found that the kidney of fetus and early neonate h limited in its ability to acidify urine, and they concluded that the placenta probably excretes the largest portion of the acid load. By infusing a larger acid load at a slower rate, Smith and Schwartz [34] found a significant increase in hydrogen ion excretion in response to prolonged metabolic acidosis. Experiments described in this paper were focused on response of the feto-placental unit to an acid load rather than on renal excretion of acid. Our experimental conditions were different from those noted above [34, 35] ; acid was infused with the fetus in utero rather than exteriorized, and there were also differences in total acid load and infusion rates. Therefore the results cannot readily be compared. Our conclusions agree in part with those of Vaughn and co-workers [35] that kidney excretes little of the acid load during the 1st hr following infusion. However, during the same time, the placenta also excretes only a small portion of the acid load. Smith and Schwartz [34] observed a diuresis and increased renal excretion of hydrogen ion by the fetus when equilibrium had been established during and following infusion of a larger acid load over a longer period of time; the response was limited in comparison with that of adults.
Our experiments with the fetus intact in utero confirm that acute acidosis without accompanying hypoxia does not significantly alter fetal heart rate or blood pressure [20, 34, 35] . The increase in fetal oxygenation during acid infusion is also in agreement with the findings of Hellegers et al. [20] who studied the effect of fetal metabolic acidosis upon oxygen environment. The amount of acid transferred from fetus to mother was too small to cause measurable changes in maternal acid-base state; this also is in agreement with the findings of others [20, 34, 35] .
Acidosis following infusion of acid is not analogous to the acidosis of asphyxia. In asphyxia, acids produced in the cells move to extracellular fluid and blood, whereas, with infusion of acid, the movement of acid is from blood into extracellular fluid and cells. Furthermore, acidosis caused by asphyxia is mixed respiratory and metabolic acidosis. During recovery from asphyxia, there is initially a rapid rise in pH [1, 23] owing to distribution of acid and excretion of carbon dioxide. Excretion of carbon dioxide is accompanied by a shift in bicarbonate from extracellular fluid to blood [13] and is reflected by a relatively rapid fall in base deficit. Once this movement of the "labile" component of base deficit has occurred, the residual fixed acids are excreted or metabolized relatively slowly. The recovery rate is then comparable to that observed in the present experiments following infusion of acid. Thus a rapid change in either pH or base deficit in the fetus does not indicate a rapid placental transfer of fixed acids, but rather recovery from an acute asphyxial episode, excretion of CO 2 , and a movement of the "labile" component of the base deficit.
Gresham and co-workers [19] have shown that, after fetal surgery, up to 4 days are required for fetal renal function to return to normal. It is probable, therefore, that, in the present experiments, fetal recovery from an acute acid load was achieved mainly by slow placental clearance of chloride or lactate. The likelihood remains that, if fetal renal function were optimal, handling of an acid load by the feto-placental unit might be better than the present experiments have indicated. It should be borne in mind, however, that renal blood flow is low in the asphyxiated fetus [4] , and its recovery from the associated metabolic acidosis will be dependent upon the slow placental clearance.
The fetal lamb with the placenta as the major excretory organ is therefore not more capable of dealing with an acute acid load than is the newborn lamb. When acid concentration increases rapidly, recovery of the fetus from acidosis, even under ideal conditions, takes several hours to reach completion. This is probably also true of acids of maternal origin when the hydrogen ion gradient would be reversed. The slow transfer explains the wide range of concentration gradients in hydrogen, bicarbonate, and lactate ions between fetus and mother which are found if samples are taken before the circulations are stable and equilibrium has been established.
Summary
Metabolic acidosis was produced in fetal lambs in utero and in newborn lambs by infusion of hydrochloric or lactic acid. With a similar acid load, the fall in pH was greater in fetus than in newborn inasmuch as the latter was able to hyperventilate and partially to compensate for the metabolic acidosis. Ability of the fetus to lower P C09 was limited by the maternal P C o 2 -Recovery from acute acid load was slow in both fetus and newborn, which reflects a slow placental transfer of hydrogen ion and anion. There seems to be little metabolism of lactate by either fetus or newborn during the 1st hr following infusion. Ability of the feto-placental unit to handle an acute acid load is not superior to that of the newborn kidney.
